With the purpose of obtaining the real and imaginary parts of the complex refractive index 1S = n + ik, we have made quantitative measurements of spectral transmission and reflection of sulfuric acid solutions in the visible and near infrared. On the basis of the results, we have obtained values for n throughout the entire region and values of k in the near infrared together with upper limits for k in the visible region.
Introduction
From balloon soundings, Rosen 1 has found that sulfuric acid particles are the most abundant aerosols in the earth's stratosphere. The sizes and shapes of these particles as well as the phases of the H 2 SO4-n H 2 0 involved have not yet been definitely established. In order to provide laboratory data for comparison with aerosol spectra in the 800-1250 cm-1 atmospheric window, Remsberg 2 has used ATR techniques to obtain values of the complex index of refraction IV = n + ik in this spectral region. Because of strong sulfuric acid bands in this atmospheric window, Neumann 3 has pointed out that variations in the abundance of H 2 SO 4 aerosols in the stratosphere could have an influence on climatic conditions. On the basis of polarization studies of scattered radiation in the visible region, along with estimates of pressure, temperature, and relative humidity based on infrared studies of the planet, Young 4 and Sill 5 have independently suggested that the clouds of Venus may well consist of H 2 SO 4 -n H 2 0 particles. More recently, Hansen and Hovenier 6 have shown that measured values of the polarization of solar radiation scattered by the Venus clouds can be accounted for on the basis of spherical particles with a size distribution sharply peaked at a radius of ap-proximately 1 Am with the following values of refractive index n: 1.46 at 365 nm, 1.44 at 550 nm, and 1.43 at 990 nm. The acceptable limit of uncertainty n is +0.015 at each of these wavelengths. The temperature 4 at the top of the main cloud bank is approximately 250 K; the optical thickness of the cloud cover is unity in a region where the pressure is 50 mbars. 6 In order to obtain more detailed information from existing and future observational data, it is desirable to obtain laboratory measurements of n and k for sulfuric acid solutions in the entire spectral region from the ultraviolet to the remote infrared. In the present study, we have attempted to supply the needed laboratory data for a wide range of sulfuric acid concentrations. All our work has been done at 300 K; Lorentz-Lorenz corrections can be applied to obtain values of n and k for liquid samples at other temperatures. We have not yet attempted to determine optical constants for the crystal hydrates of sulfuric acid; work on the solid hydrates involves formidable experimental difficulties.
The general experimental techniques employed are similar to those used in our earlier studies of water. 7 -12 They involve quantitative measurements of reflectance at near-normal incidence and measurements of the transmittance of samples in carefully constructed cells of known thickness. Kramers-Kronig phase-shift analysis of the reflectance data gives values of n with a fractional uncertainty bn/n = ±0.01 over most of the spectral range of measurement and corresponding values of k having an uncertainty 6k = ±0.03 in most regions. 
Results in the Visible and Near Infrared
In the visible and near infrared, we used the combination of reflection and transmission measurements described in our earlier paper. 1 2 In the reflection measurements, we first compared the radiant flux reflected from the free surface of an acid sample with the flux reflected from a reference mirror, the absolute reflectance of which had been measured by means of a Strong reflectometer. From these measurements, the near-normal fractional spectral reflectance R of the acid sample can be obtained with fractional uncertainty 3R/R of approximately ±0.02.
Because of hygroscopic properties of sulfuric acid, the concentration of the free surface layer of a sulfuric acid sample changes when the sample is exposed to air. We were careful to use freshly prepared solutions in each set of reflection measurements and to reject data sets in which reflectance had measurably changed in the course of a series of separate runs.
The spectral reflectances R for 95.6, 84.5, 75, 50, 38, and 25% H 2 SO 4 solutions are summarized in Fig.   1 for the spectral range 4800-28000 cm-'; the uncertainties 3R in various spectral regions given on the curve for the 50% solution are typical of those for the other solutions. In most of the visible region, spectral reflectance increases monotonically with increasing concentration, except for the 84.5% solution for which the spectral reflectance curve crosses that of the 95.6% solution. The spectral reflectance curves for all solutions fall rapidly at frequencies below 6000 cm -1 because of the proximity of strong absorption bands associated with molecules containing OH groups; these strong fundamental bands appear in the 3600-3000 cm-1 region.
Although the absorption index k is very small throughout the visible and near infrared, the radiant flux from the sun is large in these spectral regions. Hence, it is possible that absorption of insolation associated with weak bands in these regions could have an influence on planetary heat balances. Therefore, we have made quantitative measurements of the Lambert absorption coefficient a throughout the near infrared region and have established upper limits of a in the visible region. At a given frequency, the spectral transmittance T = I/lo giving the ratio flux I transmitted by a liquid-filled absorption cell to the incident flux 1 is given by the expression
where A' is the spectral absorptance of the cell windows, R' is the reflectance at the outer and inner surfaces of the cell windows, a is the Lambert coefficient, x is the thickness of the absorbing layer of liquid. Accurate determination of A' and R' presents formidable experimental difficulties that can happily be avoided by the use of cells equipped with identical windows but with different thicknesses. By taking ratios of the transmittances of cells of different thickness, it is possible to determine a without actual measurement of A' and R'.
In the present study we used a set of eight precision cells of Infrasil quartz ranging in length x from 1 mm to 5 cm, fabricated from a single batch of Infrasil. At lower frequencies in the near infrared we used a Beckman variable-pathlength cell equipped with quartz windows. This cell provided path lengths x in the range 1 mm to 30 Aim. Although the Beckman cell is fabricated from stainless steel and is equipped with a Teflon lining, we were unable to use it in studies of the 50, 38, and 25% solutions, all of which are highly corrosive. Collimated beams were employed in measuring spectral transmittance throughout the region.
Values obtained for the Lambert coefficient a in the 4000-14000 cm-1 region are shown graphically for the less-concentrated solutions in Fig. 2 , and for the higher concentrations in Fig. 3 , along with corresponding curves for water. Because a changes by several orders of magnitude, we give separate linearly expanded plots of a in various spectral intervals in Once a has been determined at a given frequency, values of k can be computed from the defining relation k = Xa/47r = a/47rv, with v expressed in cm-'.
In the frequency range between 4000 and 14,000 cm-1 , k changes by five orders of magnitude. In terms of n and k, reflectance R at normal incidence is given by the Fresnel relation
The refractive index n can thus be computed from measured values of R and k; throughout the 4000-28,000 cm-1 region, k 2 is negligibly small as compared with (n -1)2. A plot of n as a function of wavenumber for each of the solutions studied is shown in Fig. 4 where the order of the n curves is the same as that of the reflectance curves in Fig. 1 . Throughout most of the visible region, the separation of the n curves for the higher concentrations is very small and the limits of uncertainty An = +0.Oln overlap. However, the order of the curves in the figure is definitely established by direct comparisons of relative reflectance.
Our results for n and k between the near infrared and near ultraviolet are summarized in Table I 
Results in the Intermediate Infrared
In contrast to the visible and near infrared, the intermediate infrared region 4000-400 cm-' is a region of such intense absorption that we found it, impossible to prepare sufficiently thin, uniform layers of sulfuric acid to obtain values of a from Eq. (1). Because of the corrosive nature of sulfuric acid, we could not employ Robertson's wedge-cell techniques. 9 Instead, we used reflection techniques 7 ' 8 to determine near-normal reflectance and then employed Kramers-Kronig phase-shift analysis to obtain values of n and k.
Although the reflection measurements were essentially similar to those used in earlier studies, we found it convenient in the 2800-1000 cm-1 region to use water instead of a reference mirror in studies of the less-concentrated H 2 SO 4 solutions. The optical constants of water are sufficiently well known in this spectral region to justify this procedure. Over most of the 4000-400 cm-1 range, the fractional uncertainty 6RIR was approximately ±0.02, but was somewhat greater at the lowest frequencies. Plots of reflectance as a function of wavenumber are given in the upper panels of Figs. 5-10.
In obtaining n and k from measured reflectance R, we made use of the Kramers-Kronig phase-shift theorem, 8 which states: If the complex reflectivity
] is known for all frequencies, the phase O(vo) at frequency Po is given by the relation
where [R ()]1/ 2 and 0(v) must satisfy conditions that allow contour integration in the complex plane.
Equation (3) gives exact results, provided values of R are known for all frequencies. Since we have measured R for frequencies as high as 28000 cm-' (Fig.  1 ) and wish to use Eq. (3) to give values of 0 in the range of 4000-400 cm-1 , we introduce no appreciable (M) Fig. 7 . Reflectivity, refractive index n, and absorption index of a 50% H 2 SO 4 solution in the intermediate infrared.
computational error in replacing infinity by 28000 cm-1 as the upper limit of the integral. This relative insensitivity to the upper limit is the result of the term (vo 2 -2 ) in the denominator of the integral, which becomes increasingly large as the upper limit is approached. Since we have no information regarding R for frequencies lower than 350 cm-', where our measurements ended, we are forced to make assumptions regarding reflectance in the far infrared. In evaluating Eq. (3), we have assumed that R in the remote infrared has a constant value equal to the mea- Once the phase shift has been determined for a
.lo3
V (-') Fig. 10 . Reflectivity, refractive index n, and absorption index k of a 95.6% H 2 SO 4 solution in the infrared.
given frequency vo, the corresponding values of n and k at that frequency can be obtained from the relations
The values of the optical constants n and k for the The spectral features of H 2 SO 4 solutions in the intermediate infrared show marked changes with concentration. As a result of a beautiful study by Giguere and Savoie' 4 covering the absorption spectrum in the range 5000-500 cm-1 , we can correlate most of the spectral features observed in the present study with the presence of H 2 SO 4 , HS0 4 -, SO4--, H 3 0+, H 2 0, and various hydrates of H 2 SO 4 . Giguere and Savoie were primarily interested in an interpretation of their spectra in terms of various molecular and ionic species, and made no attempt to make quantitative measurements of intensity. Therefore, although our results are entirely compatible with theirs, we cannot make quantitative comparisons.
We summarize our present values of n and k in Table II , which lists n to four figures and k to three figures at various frequencies in the intermediate infrared. We emphasize once again that the uncertainties stated above should be considered by anyone making use of the tables in the interpretation of planetary or telluric spectra. The curves shown in Figs. 5-10 can be used to provide interpolated values of n and k at frequencies not listed in the table.
Discussion of Results
The values of n and k obtained in the present study can be compared with several other earlier studies. Our values for n covering the range from the near ultraviolet to the near infrared are in good agreement in the visible region with early measurements of n at discrete wavelengths in the visible region.1 5 The early refractometer measurements of n, taken at several different temperatures by different investigators, have smaller uncertainties n than the present values based upon spectral scans of reflectance. When Lorentz-Lorenz corrections are applied to earlier measurements in order to give values of n at 300 K, the resulting values fall within the range of uncertainty for our present values.
In Fig. 11 we give a comparison of our values, of n and k for a 75% solution with those of Remsberg 2 in the region of the earth's atmospheric window in the 800-1200 cm-' region. There is fair general agreement between major spectral features, as revealed in the two studies. Over most of the range, the Remsberg values fall within our stated range of uncertainties. Greater precision is usually claimed for ATR results than we claim for results based upon measurements of reflectance at a free liquid surface.
It would therefore be desirable to extend the ATR measurements to the broad range of frequencies covered in our present survey. In Figs. 12 and 13 we compare our results for the 25% solution with the recent results of Querry'et al., 16 based upon a Kramers-Kronig analysis of measurements of reflectance at nonnormal incidence in the spectral range 5000-500 cm-'. There is good agreement between the studies, except in the low frequency region; lack of agreement in this region is not surprising, since the low frequency limits of the two studies were different and different extrapolations to zero frequency were made in the Kramers-Kronig analyses.
In this connection, we might note that better values of n and k could be obtained from our present reflectance measurements if reflectances could be extended to the submillimeter spectral region by the Fourier transform techniques developed by Chamberlain and his colleagues. 1 7 " 8 Use of reflectance values generated from values of n and k in Tables I  and II , together with additional measurements between 400 cm-1 and 10 cm-', would virtually eliminate computational uncertainties in the evaluation of the integral in Eq. (3).
Because analyses of polarization data indicate that the particles in the Venus clouds are spherical, earlier workers have suggested that the particles consist of liquid droplets. 4 If this suggestion is correct, and if we assume that sulfuric acid solutions of all concentrations can be supercooled at 250 K, we can apply Lorentz-Lorenz corrections to convert our present values of n into equivalent values at 250 K, and we can compare our results with the values of n given by the recent analysis of Hansen and Hovenier 6 ; in the Lorentz-Lorenz correction we used density values listed by Timmermans.1 9 The results of such a comparison are summarized in Table III , in which we compare the Hansen-Hovenier values of n at three wavelengths with values of n for liquid samples of sulfuric acid solutions at 250 K. By recalling the uncertainties n ±0.015 acceptable to Hansen and Hovenier, we can eliminate the sulfuric acid solutions of 50% or lower concentrations as having values of n below those acceptable. Within the limits of uncertainty, the 75, 84.5, and 95.6% solutions would be acceptable; however, for each of these solutions, our best values are higher than those of Hansen and Hovenier.
On the basis of a linear interpolation in values of n between the values for the 50 and 75% solutions, we have attempted to find the best match between our data and the results of the analysis of polarization data. A linear interpolation in this concentration range seems justified by early measurements of n in the visible region. 4 The best match is achieved for a concentration of 70.5%, which gives the values of n listed in the last column of Table III . Although this best-fit concentration is somewhat lower than Young's If the particles in the Venus clouds are actually liquid sulfuric acid droplets, it is difficult to understand why energetically favored agglomeration of the droplets does not occur; the sharply peaked distribution, reported by Hansen and Hovenier, indicates that agglomeration is inhibited. Another interesting question involves the internal pressure P = Po + 2cr/r of liquid droplets; use of Timmerman's 2 0 values of surface tension ai gives a total internal pressure P of a liquid droplet as approximately 1 atm for spherical The assumption of supercooling solutions to 250 K is highly questionable. Figure 14 gives the phaseequilibrium curve between solutions of the indicated composition and the indicated crystalline solids. If we start with solutions at 300 K and assume that cooling occurs under equilibrium conditions, we should expect that cooling at 250 K would have the particles in a region where the external pressure Po is only 50 mbars. The possibility of particles with solid nuclei cannot be entirely ignored; if the solid nuclei consisted of crystalline hydrates of H 2 SO 4 , the difference in n between the solid nucleus and the surrounding liquid might be so small as to escape detection in the analysis of scattering and polarization. The presence of solid nuclei might also serve to inhibit agglomeration. Spectra of Venus in the intermediate infrared, as observed from ground-based observatories, has been limited to regions observable through the earth's atmospheric windows. Young 2 1 has recently compared observed Venus spectra with Remsberg's laboratory data 2 in the 800-1200 cm-' window; Young reports similarity between the observed spectra and the spectra predicted on the basis of a model involving liquid droplets of sulfuric acid with a concentration of 75%. Pollack 2 2 and his associates have recently compared Venus spectra in the 3-Atm region, as observed from high altitude jet aircraft, with predictions based upon preliminary values of our optical constants; concentrations of 75% and 90% seem to be compatible with the observed spectrum.
Improved intermediate infrared spectra of Venus could provide definitive evidence regarding the possibility of sulfuric acid as a major component of the planet's cloud cover. We hope that our present values of optical constants will be useful in the interpretation of future Venus spectra in both the solarreflectance and thermal-emission regions. If future observations show that sulfuric acid is indeed the dominant component and the observations can further narrow the ranges of possible H 2 SO 4 concentrations, further laboratory studies of H 2 SO 4 solutions within these ranges should be conducted at reduced temperatures.
On the basis of our present work, along with the assumption that the Venus clouds do consist of spherical liquid droplets of sulfuric acid at 250 K, our best estimate is that the H 2 SO 4 solution has a concentration of 70.5%. However, some of the difficulties outlined above must be resolved before our conclusion can be seriously regarded. Meanwhile, we also express the hope that our present work may prove useful to investigations of the earth's major stratospheric aerosol.
